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SUMMARY

An analytbtical study was conducted to determine the influence of
several design parameters on the cooling requirements of some high-
energy, regeneratively fuel-cooled rocket engines. These parameters
include engine size, combustion- chamber pressure, contraction and expan-
sion area ratios, propellant combination, fuel- ox1dant mixture ratio,
and performance efficiency. The nominal thrust levels considered were
1000, 10,000, 100,000, and 1,000,000 pounds; and the propellant combina-
tlons were hydrogen fluorlne (HZ'FZ): hydrogen-oxygen (Hp-0z), hydrazine-
fluorine (NoH4-Fp), ammonia-fluorine (NHz-Fp), and jet-engine fuel and

oxygen (JP4-02). The engines considered were of cylindrical chamber
design, and expansion to sea-level conditions was specified except where
variations in expansion area ratio were under study. The cooling system
was such that the fuel flowed axially (from nozzle exit to injector) in
an annular jacket along the entire engine length. Some of the engines
employed the additional cooling aid of a ceramic lining in the combustion
chamber and nozzle.

The analysis revealed the areas of feasible application of regener-
ative fuel-cooling for the various propellant combinations. In general,
propellant combinations using hydrogen as the fuel and coolant displayed
the best cooling possibilities of the combinations studied. The appli-
cation of chamber and nozzle ceramic linings, of course, improves the
possibility of cooling where it might otherwise be marginal or impossible.
The most important influencing parameters with respect to the cooling
requirement of a particular propellant combination, in approximate order
of decreasing influence, are engine size, performance efficiency, fuel-
oxidant mixture ratio, expansion area ratio, combustlon-chamber pressure,
and contraction area ratio.



INTRODUCTION

The fundamental problem in cooling a rocket engine is to devise a
means of transferring heat from the combustion zone to some heat sink so
that safe low structural temperatures may be maintained. In a regener-
atively cooled engine, the heat sink 1is one or both of the incoming
propellant components, directed in some manner along the combustion-
chamber and nozzle outer surfaces. By this method, the inside, or
combustion-gas side, of the engine walls is cooled so that 1ts tempera-
ture does not rise high enough to permit melting, oxidation, or erosion
failures, categorically classified as "burnouts.'" The amount of heat
required to be transferred is a function of propellant combination, the
relative amount of fuel in the mixture, combustion-chamber pressure,
thrust level, and engine geometry, while the amount of heat the coolant
is capable of absorbing is a function of the coolant properties, coolant
flow rate, and the coolant jacket configuration. The interrelation of
these variables must be known in order to design a regeneratively cooled
rocket engine successfully. This interrelation is the subject of the
present report.

To gair some insight into the Interdependence of these variables,
heat-transfer requirements were studied for engines using several pro-
pellant combinations, including hydrogen-fluorine (HZ-FZ), hydrogen-
oxygen (Hp-0,), hydrazine-fluorine (,H,-F,), ammonia-fluorine (NHz-F,),
and jet-engine fuel and oxygen (JP4-~ 2). Nominal thrust levels of 1000,
10,000, 100,000, and 1,000,000 pounds were assumed; and representative
ranges of combustion-chamber pressures, fuel mixture ratios, performance
efficiencies, and engine contraction and expansion area ratios were
considered.

The potentialities of cooling augmentation by the use of ceramic
coatings were also included.

METHOD OF ANALYSIS
Heat-Transfer Calculations

Combustion gas to engine walls. - Heat transfer from the hot com-
bustion gases to the cooled combustion-chamber walls, which is mainly
by convection, is the subject of much study today. Radiation effects
and dissociation phenomena, too, certainly require much study, along
with attending boundary-layer analysis, before any approach can be made
to an "exact" heat-transfer solution. It is sufficient to say at this
point, however, that no one unified and workable technique for evaluat-
ing heat transfer in this area is now available. Therefore, in order
to proceed with the desired analysis, it was necessary to employ an
approximation for the heat-transfer mechanism from combustion gas to
engine walls. Reference 1 shows that the heat transfer associated with
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a turbulent boundary layer can be approximated quite closely by a
dimensionless number correlation for fully developed turbulent flow in
pipes, even though fully developed turbulent flow is not necessarily
assumed for the rocket engine.

The relation utilized in this study to describe the heat-transfer
mechanism for this condition is a form of the dimensionless number cor-
relation for fully developed turbulent flow in a tube suggested by
reference 2:

Nu = 0.023(Re)0'8(Pr)0'333

(1)
(All symbols are defined in appendix A.) It should be noted that this
relation does not deal specifically with effects of radiation and/or
dissociation, other than those effects present in the experiments from
which the coefficient and exponents were evaluated. Radiation heat
transfer was estimated, on the basis of cursory calculations, to account
for less than 5 percent of the total for the high-energy propellant com-~
binations considered in this study. In more basic symbols, this equa-
tion is commonly written as follows:

- ~0.8 cu 0. 333
hD mm) (p)
= = 0.023|22= £

k . ( o k

This correlation, as first proposed, based the physical properties
of the fluid involved on the bulk, or free-stream temperature, with the
exception of viscosity, which was based on the film temperature, or
average of free-stream and wall temperatures. This temperature basis
seems fairly obvious, since the correlation was developed for moderate
heat fluxes and temperature levels, and the temperature profile along a
tube diameter in that case would be relatively flat. However, with the
heat flux and temperature levels encountered in a cooled rocket engine,
rapidly changing diametral temperatures and fluid properties occur,
particularly near the cooled walls. It would seem logical then that the
physical properties of the combustion gas required in the use of equa-
tion (1) should be based on the film temperature at the cooled walls.
This concept is of course well established, and discussions appear in
references 2 and 3, as well as in many other studies. Use of this method
to compute combustion-gas to engine-wall heat-transfer rates has exhibited
reasonable agreement with experiments on cooled rocket engines. The film
temperature referred to in this study is defined, as suggested earlier,
by the relation

Tg,r = 0-5(Ty, 5 + Tg ) (2)
The evaluation of Reynolds number Re for use in equation (l) is

not straightforward, since it involves density, a property not explicitly
tabulated in the available literature. It has been found convenient to



perform a simple manipulation to expedite this determination. From
continuity considerations, the following may be written:

VD - Pe,s
A Gg = pg)sug)s pg:f o) ug)s (3)
g g,f

From the perfect gas relation, the density ratio pg S/pg £ may be
2 b4
written as

Pg,s = pg)SRg)ng)f

P r R T
g,f g,f g,s g,s

Using the common assumption that the static pressure through a turbulent
boundary layer remains constant (ref. 4), and further assuming that the
change in molecular weight of the fluid is insignificantly small, equa-
tion (3) can be rewritten as

T
g g, Tg,s g,

The Reynolds number may now be written in terms of explicitly defined
values, and equation (1} becomes

. = 0.8 0.333
h

g, _ 0.023(?ng : ng8> (?p,ng“ng> (2)
kgt e, f  Te,f Kg,f

The heat flux through the gas film is computed by means of Newton's
law of cooling:

4= ét'= hg,£(Tg,w,ea = Tg,w) (5)

In this equation, the adiabatic combustion-gas wall temperature T

w,ad
is defined as %5

2
(o, §)
K = —2aS
g,v,ad Tg:s * Do 2gde
Pyg,s

Since total, or stagnation, gas temperature is commonly defined as

2
u,
R C

T
g,% g€,  2gdc

P,g,8
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then the relation for Tg,w,ad may be conveniently written as

T = T - 6
g,wyad g5 * Sa'd(Tg)t Tg:s) ( )

In a turbulent boundary layer, the value of &, 3 I1ncreases with

Reynolds number to approximately 0.90 (ref. 3). The range of Reynolds
numbers encountered in this study dictated the use of 0.90 for 823"

It is assumed that the heat flow is circumferentially uniform at
every plane perpendicular to the longitudinal centerline of the engines;
that is, no distortion of heat flow is caused by the presence of support-
ing webs (fig. 1). In addition, since constant coolant-side engine wall
temperatures are specified in the designs to be discussed, axial heat-
conduction effects are assumed to be negligible.

Engine walls. - The wall separating the combustion system from the
cooling system is considered in this analysis to be of 0.020-inch-thick
pure nickel. In addition, the webs in each engine considered (fig. 1)
are assumed to be 0.04Z inch thick; but, since their effect on heat flow
is assumed negligible, the web materlal need not be specified here.
Essentially, the web dimensions affect only the coolant-passage flow
area and the hydraulic diameter.

On the basis of the small thickness and high thermal conductivity
of the wall, it i1s assumed that the steady-state heat-transfer condition
is established very quickly after the beginning of combustion; and, con-
sequently, transient effects are assumed to be negligibie.

Steady-state heat transfer through the wdll of a tube may be de-
scribed by a form of Fourier's law (ref. 3) as

ngl
Q= ky \r—=7; (T, 1 = Tw,0) (7)

If the tube of concern has a wall thickness very small in comparison to
tube radius, elementary manipulations will readily show that, for the
cooled engine considered here, equation (7) may be written as

q = g'-- = l%—-:: (Tg)w - Tl,W) (8)

W

Since the temperature dependence of the thermal conductivity of pure
nickel is not great, the value of %, 1s assumed to be sufficiently
well defined by the arithmetic average of the two wall surface tempera-
tures, as opposed to the true mean temperature. In addition, because of



the small wall thickness, and for simplicity, the inside wall surface
is assumed to be the heat-transfer surface area, as opposed to the
logarithmic mean suggested by equation (7).

Ceramic or carbon engine wall linings. - In some of the engines
considered in this analysis, it was found necessary to augment regener-
ative cooling with a suitable ceramic interior wall lining. In the
engines using JP-4 and oxygen as a propellant combination, a carbon film
forms on the interior walls as a normal part of the combustion process
during fuel-rich operation. In eilther event, the result 1s an additional
heat barrier, the effect of which is quite significant because of the
relatively low thermal conductivity of the linings.

By means of a development ldentical to that discussed for the engine
wall, and using similar assumptions, the steady-state heat transfer
through a coating may be shown to be described by the relation

k

= _& -
4 T, (Tg,c Tg,w) (9)

Since the thermal conductivity of the ceramic used and of carbon is
essentially constant over a wide temperature range, variation of this
property with temperature is assumed to be negligible.

Engine walls to coolant. - As on the combustion-gas side, the heat-
transfer mechanism between engine walls and coolant is assumed to be
that for fully developed turbulent flow in a tube. Again, the
correlation (eq. (1)) is employed, and again the coolant transport
properties are evaluated at the film temperature. Taking the film tem-
perature to be the arithmetic average between coolant free-stream and
wall temperatures, the equation for this quantity is

Ty,f = o.zs(',xzz’w + Ty) (10)

and equation (l) may be written for this gpplication as

- —\0.8 0. 333
h, 5D G,D c
LIl . 0.023< Ut R, 1,17, F (11)
1,1 My, £ K,r

Heat flux through the coolant film is computed, as before, by
means of the relation

q = ‘S%; = hl,f(Tl,W - TZ) (12)

0ST-d
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From energy balance considerations, the egquation that relates the
coolant temperature to axXial location in the coolant jacket is

q + qo) Sq
T, = + T (13)

where Eb,l is evaluated at 0.5(T; + TI,O) for a specific pressure.

Then, the temperature of the coolant at a given location is a function
of the coolant temperature at some previous location, the average heat

flux between the two locations concerned, the corresponding heat-transfer

area, the coolant-flow rate, and the mean specific heat.

Pressure-Drop Calculations

For the purpose of determining the pressure loss of the coolant as
it passes through its Jacket, the individual coolant channels (see fig.
1) are assumed to be straight tubes. The relation used to compute the
pressure loss between any two axial locations in the coolant jacket is
the familiar form

262 11
12 T BN Bl e
’ &°1,mP1,m
where
Gl)m = 0.5(G, + GZ’O)
DZ,m = 0.5(D, + Dl,o)

f is determined for a specific Dz,m: Pl,m is evaluated at
T = 0.5(Ty + Ty o)

and

i

P =0.5(p + 1y o)

Generally, the Fanning friction factor f 1s considered to be a
function of flow Reynolds number and of hydraulic diameter. In its

application to the coolant flow in this study, however, since for a given

hydraulic diameter the value of the friectlion factor varies but little
in the Reynolds number range encountered (approximately 1.5x106), it is
assumed to be a function of hydraulic diameter only for a specific tube
surface condition. A plot of this function appears in figure 2.



PROCEDURES

. Parameters Studied

Engine size, combustion-chamber pressure, contraction and expansion
area ratios. - As an index of engine size, the thrust-level range covers
from 1000 to 1,000,000 pounds. The combustion-chamber pressure varies
from 60 to 600 pounds per square inch absolute, and contraction and ex-
pansion area ratios are varied from 1.5 to 3 and from 3.8 to 50,
respectively.

Propellant combinations. - Four of the propellant combinations,
Ho-Fo, Ho-0p, NoH,-Fo, and NHz-Fo, were selected because they are high-

energy combinations of general current interest. The other, JP4-05, not

generally considered a high-energy combination, was chosen as representa-
tive of those iIn more common use for comparison purposes.

Fuel-oxidant mixture ratio. - The range of fuel-oxidant mixture
ratio considered for three of the propellant combinations under investi-
gation (Hp-Fo, NoHy-Fp, and JP4-05) is from the stoichiometric point to
or slightly past the more fuel-rich mixture ratio corresponding to the
condition of maximum characteristic veloecity. It was assumed that the
Ho-Fo data would adequately define trends that would, in general, also

describe the H,-Op, system, and similarly, that the NoH,-F, data would

sufficiently describe the NHz-F, system.

Performance efficiency. - Certain inefficiencies within the rocket
engine, such as nonhomogeneity of the propellant mixture, incomplete
combustion, and others, prevent the full ideal performance of the pro-
pellant combination from being realized. Therefore, the ideal perform-
ance of the engine must be modified by means of a performance efficiency
factor that must be experimentally determined. In this study, the per-
formance efficiency n 1s defined as

Since the characteristic velocity is directly proportional to specific
impulse, which in turn is directly proportional to the square root of
the combustion temperature (ref. 5), a decrease in performance i1s mani-
fested by a corresponding decrease in combustion temperature if the
molecular weight of the products of combustion and the pressure remain
constant. This relation is described by the equation

2

T. =7 T

1 1,1d
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Further, for an engine of fixed geometry to maintain the design
combustion-chamber pressure at a performance efficiency less than 1.00,
the propellant flow rate must be increased proportionately. This adjust-
ment of flow rate may be computed by the relation

- P1A2%
P - *
N%iq

The performance efficiency range considered in this study is from
90 to 100 percent, a range considered representative of practical rocket-
engine application.

Temperature Ranges and Limitations

The pertinent physical properties of the materials involved in this
analysis are discussed in detail in appendix B. Some important tempera-
ture limitations covered in that section, along with some basic assump-
tions not discussed heretofore, are presented at this point for
convenience.

The maximum safe allowable bulk temperature limits for hydrazine,
ammonia, and JP-4 are designated as 950°, 600°, and 950° R, respectively.
The maximum bulk temperature for hydrogen for a coolant is here con-
sidered to be 1100° R. This value was arrived at by considering a rea-
sonable temperature drop through the engine-wall material and the coolant
film from the design temperature of the engine wall on the combustion-gas
side, which was 1460° R. This design wall temperature was selected as a
conservative value for the material concerned, which is, as stated
earlier, pure nickel. For simplicity, 1100° R is also assumed to be
the temperature limit for fluorine and oxygen, although practical limita-
tions (such as the possibility of rapid oxidation of the engine-wall
material) may actually fix this limit at some lower level.

The temperature at which the coolant is supplied to the engine
coolant jacket varies with the coolant itself. Hydrazine and JP-4 are
here assumed to be supplied at 530° R, essentially sea-level atmospheric
temperature, while. ammonia is assumed to be available at 435° R, the
temperature it would attain (approximately) if allowed to boil at atmos-
pheric pressure. Hydrogen would be supplied at 60° R, a temperature near
its critical point, and oxygen would be available at 163° R, which is
approximately its boiling point at atmospheric pressure. Fluorine,
requiring auxiliary cooling, is assumed to be supplied at 140° R, approx-
imately the boiling point of nitrogen at atmospheric pressure. It is
presumed that the fluorine container would be surrounded by a liquid-
nitrogen Jjacket.
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Maximum Specific Cooling Potential

In order to facilitate the study of the effects on regenerative-
cooling requirements of changes in several of the rocket-engine design
parameters, it will be convenient at this point to define a gquantity
that will be useful in this regard. By means of this index, it will be
possible to gain some quantitative concept of the relative ability of
the propellants of concern here to cool the engines considered. This
index is the maximum specific cooling potential V., of the propellant
component.

The maximum specific cooling potential of a coolant is directly
related to the heat it acguires as it rises from its supply temperature
to its upper temperature limit. This value, as used in this study, 1is
defined as the total heat absorbed by the coolant per second divided by
the cross-sectional area of the engine nozzle throat. This quantity has
the units Btu/(sec)(sq in.) and may be written

Tmax
w Fo

= L c AT = =2 (B - H
Vinax Ag kY TAon ( maXx in)

Tin

This computation assumes that Cp for the coolant is substantially
independent of pressure over the relatively small pressure range the
coolant encounters in the engine cooling jacket, and is dependent only
on temperature. The maximum specific cooling potential is a useful
index because it can be used to compare the specific-heat capacity of
various coolants and is independent of the engine geometry and size.

The values of W, ., for the propellants considered in this study
are compared in figure 3. The combustion-chamber pressure for each case
is 300 pounds per square inch absolute, and the engines are geometrically
identical, having a nominal thrust level of 100,000 pounds. The fuel-
oxidant mixtures considered are those for maximum theoretical character-
istic velocity, which is a convenient arbitrary reference point. These
mixtures, in percent fuel by weight, are 15.03, 23.95, 31.91, 24.93, and
30.59 for H,-Fo, Ho-0,, NoH,-Fo, NHz-F,, and JP4-0,, respectively. Fig-

ure 3 shows clearly the superiority of hydrogen as a regenerative coolant
in either of the two combinations shown. This is due to the fact that
hydrogen's specific heat is much higher that that of the other coolants,
as will be examined later. In addition, hydrogen's allowable temperature
rise is much greater than that of the noneryogenic coolants considered.
The darkened areas on the bars for fluorine and oxygen in figure 3 indi-
cate the maximum cooling potentials of those two oxidants if boiling of
the coolant is to be avoided. 1In that case, the upper allowable bulk
temperature limits for fluorine and oxygen are 235° and 250° R, respec-
tively. These temperatures represent the approximate boiling points of

0ST-d
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the two oxidants at 400 pounds per square inch absolute, the nominal
pressure in the coolant jackets of the engines considered in figure 3.

Because, in general, the cooling characteristics of the oxidants
are much inferior to those of the fuel components, the engines considered
in this study are all assumed +to be fuel-cooled.

Cooling Utilization Ratio

For the purpose of evaluating the cooling requirements of the
engines considered here, it is convenient to define another quantity, a
cooling utilization ratio. This quantity is the ratio of the amount of
heat rejected from a cooled engine Voo to the amount of heat the coolant
is capable of absorbing. For successful cooling, then, the cooling
utilization ratio must not exceed the value 1.0. In general, a low ratio
would indicate that an engine may be cooled regeneratively with relative
ease, while a ratio near 1.0 would indicate that the cooling is marginal.
The ratio as used in this report is defined as

o = Voo - Hout = Hin
V.

max Hpax = Hi

n

Engine Design

Engine type considered. - The type of regeneratively cooled engine
considered in this analysis i1s shown schematically in figure 1. It is
recognized as a simple cylindrical engine having a single-pass, axial-
flow cooling jacket. A variety of other engine shapes and cooling
Jacket configurations exists, of course, some of which may have advan-
tages over this type of design. The one chosen, however, is thought to
be adequate for the present study and will doubtless display cooling
demands and characteristics that will generally be common with most other
engines and cooling schemes.

Referring again to figure 1, the coolant enters the cooling jJacket
from a manifold located at the nozzle exit. It then moves axially along
the engine until it encounters another manifold at the injector location,
from which point it is introduced into the combustion chamber and sub-
sequently burned. During its passage along the engine wall, even dis-
tribution of the coolant circumferentially is accomplished by means of a
relatively large number of evenly spaced radial webs that separate the
engine wall from the coolant jacket cuter wall and form many flow chan-
nels. Of course, the heat transferred to the coolant is not wasted,
since it adds to the heat content and subsequently to the energy level
of the propellant before combustion.
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Rocket-engine design (exclusive of cooling system). - The specific
designs of the engines considered in this analysis were determined X
through consideration of basic continuity and momentum concepts. Com-
bining the defining relations (ref. 5) for characteristic velocity,

x  Pifef 1g
C = = e
and for specifiec Impulse, 0
g
I=2
b

the nozzle throat area may be expressed as
*
c F

A, =
2
plgI

(14)

The values of c* and I are characteristic of propellant combination,

fuel and oxidant mixture ratio, and combustion pressure, and are assumed N
for the purposes of this study to be those for shifting equilibrium com-

position of the combustion products through the engine.

When the nozzle throat area is defined, the combustion-chamber
diameter may be readily computed by means of the desired contraction
ratlo. Chamber length, for this study, was determined by a simple con-
sideration of the length thought necessary for fuel and oxidant mixing
and combustion, and the shape of the convergent section of the nozzle
was chosen as a smooth, well-rounded curve. The nozzle expansion ratio,
or ratio of the cross-sectional area of the nozzle exit to that of the
throat, is fixed by design altitude requirements, and the nozzle length
is then a function of nozzle shape. The nozzle type assumed for this
study is conical, and the divergence half-angle is 15°, a value consid-
ered to be optimum with respect to wall friction losses, radial velocity
components, and separation and turbulence losses (ref. 5).

Cooling-system design considerations. - Heat transfer from the
engine to the coolant depends to a large extent on the heat-transfer
coefficlent between the cooled surface and the coolant itself. The heat-
transfer coefficient, in turn, is greatly dependent on the velocity with
which the coolant passes along the heat-transfer surface. Then, an
important criterion is the coolant-passage height, for this dimension
largely determines the flow cross-sectional area and consequently the
flow velocity of the coolant. The coolant-passage height must be com-
promised between the good heat-transfer gualities associated with high .
coolant velocity (low passage height) and the converse requirement of
low pressure-loss characteristics associated with low coolant-flow
velocity (large passage height).
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Calculation Procedure

It was necessary to design a relatively large number of engines to
investigate the cooling-requirement effects of the large spectrum of
design parameters indicated for study. It was decided arbitrarily to
base the design schedule on nozzle throat area, in part because of the
close relation between this dimension and engine size, which will be
shown to be of major importance in determining cooling requirements.

Four basic nozzle throat areas were specified, corresponding nominally
to sea-level thrust values of 1000, 10,000, 100,000, and 1,000,000
pounds. In addition, three other throat areas were specified for engines
operating at different combustion-chamber pressures while maintaining

the nominal (100,000-1b) thrust level of the engine operating at the
reference pressure of 300 pounds per square inch absolute. If the
engines had been designed to produce a specified uniform series of thrust
values, a separate configuration would have been required for each ex-
amined condition, resulting in many more designs than were actually made.
Such a task was beyond the intended scope of this study. Figure 4 pre-
sents in tabular form the pertinent dimensions of the engines designed
for this study.

Each of the engines was arbitrarily divided into a relatively large
number of sections along the longitudinal centerline; the number of sec-
tions was a function of over-all engine length, the actual number varying
from 15 to 26. In general, the sections were closely spaced at regions
of high heat flux and/or geometry change rates, such as at the nozzle
throat, and spaced farther apart in regions of more uniform conditions,
such as near the injector end of the combustion chamber or near the
nozzle exit.

At each of the selected stations, a complete heat-transfer analysis
was performed, based upon the calculatlion techniques described elsewhere
in this report. In general, the calculations were based on a required
engine-wall temperature, specified either on the combustion-gas side or
the coolant side of the engine wall. If the coolant were a cryogenic
fluid, such as liquid hydrogen, then the temperature limit indicated
would be the metallurgical temperature limit on the combustion-gas side
of the nickel engine wall specified here as 1460° R. However, if the
coolant were hydrazine, ammonia, or JP-4, the boiling or degradation
temperature limits of these coolants, identified elsewhere in this report,
would determine the coolant-side engine-wall temperature. In either case,
the design criterion was clearly established, and the calculation pro-
cedure then ultimately led to the determination of a coolant-jacket
design that would cause the desired engine-wall temperature to occur.

If it were indicated that the desired degree of cooling was not possible
by these means, it would become necessary to assume a ceramic wall liner,
as discussed earlier, to achieve a successful design. Of course, the
impossibllity of a scolution indicated an area where simple regnerative
fuel-cooling is not feasible. Attaining knowledge of these areas was

one of the intended purposes of this study.
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In addition to the heat-transfer analysis, the pressure loss of the
coolant was computed. As pointed out earlier, in an effort to keep the
analysis on a practical level, a major requirement of a successful engine
design was that the pressure loss of the coolant must be within reason-
able limits. If a design exhibited a coolant~jacket pressure loss of
more than sgbout 100 pounds per square inch, the design was arbitrarily
considered impractical, regardless of the computed heat-transfer charac-
teristics. The coolant pressure drops for the engine designs considered
are presented in tables I to VI.

The calculations were done on a high-speed electronic digital
computer.

RESULTS AND DISCUSSION

Figure 5 presents a typical summary of a complete evaluation of a
proposed engine. The engine pictured here is identified as engine A in
figure 4. Its propellant combination is Hs-Fs, 15.03 percent hydrogen
by weight, and its nominal thrust level is 100,000 pounds. The engine
combustion-chamber pressure is 300 pounds per square inch absolute, and
the design uniform combustion-gas-side wall temperature is 1460° R with
entering coolant (Hz) at 60° R and 378 pounds per square inch absolute.

The profiles shown, representing only a small fraction of the number of
quantities calculated, are heat flux, coolant temperature and velocity,
and coolant-jacket height.

The remaining portions of this report will discuss the effects of
the engine design parameters of concern on cooling requirements, with
emphasis on trends rather than the absolute values computed, since the
values are obviously quite sensitive to the design criteria selected.
The general trends, on the other hand, are felt to be indicative of
actual tendencies and sensitive only to the basic underlying assumptions
of the calculation technique.

Effect of Propellant Combination and Engine Size

The relation between cooling utilization ratio and engine size is
shown for several propellant combinations in figure 6. In all cases,
the cooling utilization ratio ¢ dJdecreases as englne thrust, indicated
by nozzle throat cross-sectional area, increases. The reason for this
tendency 1s straightforward. At constant combustion pressure, the cool-
ant (fuel) flow rate 1s increased by an amount proporticnal to the square
of the increase of the throat diameter, while the engine heat-transfer
surface area is increased by an amount proportional to the first power
of the inerease of the throat dlameter. In addition, an examination of

0ST-d
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equation (4) indicates that a larger diameter engine has a lower
combustion-gas-side heat-transfer coefficient, and consequently a lower
heat flux, than a smaller one. These two effects combine to produce the
curve trends shown.

The propellant combinations Ho-Fo, Hp-Oo, and JP4-0, display the
ability, according to the methods of this study, to be regeneratively
cooled throughout the entire size range shown in figure 6, encompassirg
a thrust range from about 1000 to 1,000,000 pounds. Again, it should be
noted that the JP4-0, engine is considered to have a 0.0l-inch-thick
carbon lining on the interior walls. If combustion conditions or other
influencing factors should prevent the formation of this assumed carbon
layer, then the cooling of this engine would certainly become more diffi-
cult to accomplish, and possibly would not even be feasible for some small
engines.

Figure 6 indicates that, of the NHz-F, engines considered, only the

larger ones may be regeneratively cooled with confidence by the methods
assumed here, even with the addition of a ceramic engine liner. If,
however, vaporization of the ammonia were utilized in the cooling proc-
ess, the cooling capacity of this coolant would be increased by a fac-
tor of about 3, allowing much smaller engines to be cooled. A some-
what less pessimistic picture is presented for the N2H4-F2 engine, where
only small engines have cooling utilization ratios greater than 1.0. In
conjunction with figure 6 and subsequent curves, a brief summary of some
of the more important of the calculated quantities pertaining to the
curves 1is presented in tables I to VI.

Effect of Performance Efficiency

The results of this study indicate that performance efficiency
influences regenerative-cooling requirements greatly. Figure 7 illus-
trates the trends indicated by the calculations. In examining this fig-
ure it is seen that a reduction of 10 percent (from 100 to 90 percent)
in performance efficiency results in a reduction in cooling utilization
ratio of approximately 30 percent for each of the three propellant com-
binations shown. For a given engine configuration and thrust level, a
decrease in performance efficiency is accompanied by an increase in fuel
(coolant) flow rate and a decrease in combustion temperature. As a con-
sequence, the coolant experiences a smaller temperature rise and the
cooling utilization ratio is therefore lower.

Effect of Fuel~-Oxidant Mixture Ratio

According to the results of this analysis, the relative amount of
fuel in the propellant mixture is another extremely influential engine
design parameter with respect to cooling requirements. In figure 8, the
slopes of the curves indicate the extreme sensitivity of this relation.
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In the case of Ho-Fp, for example, a decrease in fuel content from 15 to

5 percent (approximately'stoichiometric) results in an increase in cooling
utilization ratio of over 400 percent. The reason for this tendency is
immediately apparent. The highest combustion temperature occurs near the
stoichiometric point; and, of course, a relatively low coolant (fuel) )
flow occurs at this point. As the proportion of fuel in the pro-

pellant mixture increases, the combustion temperature decreases and more
coolant becomes available. The net result is a gradual reduction of
temperature rise of the coolant as the fuel-oxidant mixture becomes more
and more fuel-rich than near the stoichiometric point. The nature of this
relation suggests that situations might arise where a compromise between
the desirability of operating at or very near the stoichiometric point

and operating at a somewhat higher fuel-oxidant mixture ratio for the

sake of cooling would be advantageous. One such compromise might be to
use an injector that would cause the propellant mixture immediately
adjacent to the engine walls to be fuel-rich, while the main bulk of the
propellant mixture is more nearly stoichiometric.

0ST-d

Effect of Expansion Area Ratlo

An increase in nozzle expansion ratio in an otherwise fixed engine
configuration results in an increase in cooling requirements in the range
investigated in this study, as shown in figure 9. The cooling require- ~
ment for the NoH4-Fo engine becomes large enough that the cooling utili-
zation ratio becomes larger than 1.0, indicating difficulty in regener-
atively cooling this engine, according to the calculation method of this
study. The limiting expansion ratio of about 16 for the N,H,-F, engine
shown in figure 9 is for the noted size engine only; a larger engine
would have a higher limiting expansion ratio for successful regenerative
cooling, and a smaller engine would have a lower limiting ratio.

The trend of the curves of figure 2 is due to the increase in heat-
transfer surface area necesgsarily resulting from an increase in nozzle
expansion ratio, maintaining the stated divergence half-angle of 150,
While it is true that the heat-transfer rate to the nozzle walls decreases
at successive points through an expanding nozzle because of the decreasing
combustion-gas bulk, or stream temperature, the net effect produces the
curve trends shown.

Effect of Combustion-Chamber Pressure

The relation between cocling utilization ratio and combustion-
chamber pressure for three propellant combinations is illustrated in
figure 10. For fixed engine geometry, a decrease in cooling utilization b
ratio results from an increase in chamber pressure. This tendency is
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due to the necessary proportional increase in propellant flow rate, and
consequently coolant flow rate, with chamber pressure, while the combus-
tion temperature and combustion-gas-side heat-transfer coefficient in-
crease at a much lower rate. As a result, more coolant becomes available
with a higher chamber pressure, while heat flux has increased by a lesser
amount proportionately. The net effect is that the cooclant experiences

a smaller temperature rise than at a lower chamber pressure, and the
cooling utilization ratio therefore decreases.

For a constant thrust condition, the relation between cooling utili-
zation ratio and combustion-chamber pressure was somewhat modified be-
cause, to malntain a constant thrust level, engine size was necessarily
reduced as combustion-chamber pressure was increased, as is indicated by
equation (14). Referring to the earlier discussion of the influence on
cooling requirements of engine size, 1t will be recalled that, in gen-
eral, large engines may be regeneratively cooled more readily than
smaller ones. This tendency, then, explains the relative positions of
the curves of figure 10. Below the reference combustion pressure of 300
pounds per square inch absolute, the dashed curves (representing constant
thrust) fall below the solid curves (representing constant engine size),
because larger engines were needed. Above 300 pounds per square inch
absolute, where smaller engines were required, a greater cooling load is
indicated, and the constant thrust curves lie above the constant engine
size curves. It will be noted that the curves for JP4-0s are oriented
somewhat differently from those of the other two combinations. This
difference is due to the large (increasing) temperature variation of the
carbon engine lining with pressure increase, while engines using the
other two combinations exhibit a more nearly constant wall surface tem-
perature with pressure variation.

The curves for NoH,-Fo and JP4-Op in figure 10 are not shown for
the maximum characteristic velocity condition as in the other figures,
since sufficient thermodynamic data at that fuel-oxidant mixture ratio
were not available. The fuel-oxidant mixture ratios presented in this

figure, however, closely approximate the maximum characteristic velocity
condition.

Effect of Contraction Ares Ratio

Figure 11 presents the results of the study of the effect of engine
contraction ratio on cooling utilization ratio. Varying the contraction
ratio from 1.5 to 3 in an otherwlse fixed engine configuration for the
three propellant combinations shown produces only very small changes
(4 percent maximum) in cooling load. On the basis of these observations,
it must be concluded that the contraction ratio variation, in the cases
studied here, has no significant effect on cooling utilization ratio.
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SUMMARY OF RESULTS

An analysis was made of the regenerative-cooling requirements of
rocket engines. Each of seven parameters was varied independently to
evaluate its significance in cooling considerations. Results were as
follows:

1. The propellant combinations of HZ'FZ’ HZ'OZ’ N2H4—F2, NHS‘FZ’
and JP4-0, were studied. Considering the fuels as coolants, Hp offered

the greatest reserve cooling capacity relative to the cooling needs; NHz
offered the least cooling capacity.

2. Increasing nozzle throat cross-sectional area, and consequently
engine thrust level, increased cooling capability.

3. For a specific engine design and propellant combination, the
most influential parameter on regenerative-cooling requirements was per-
formance efficiency. In general, a small decrease in efficiency resulted
in a relatively large decrease in cooling requirements.

4. As the proportion of fuel in the propellant combinations was
increased beyond the stoichiometric ratlo, the relation between cooling
capacity and engine cooling requirements became more favorable.

5. The next most significant parameter was the nozzle expansion
area ratioj ilncreasing this ratio made cooling more difficult, particu-
larly with fuels of less reserve cooling capacity.

6. Increasing combustion pressure, and consequently thrust, with
fixed engine geometry tended to improve cooling capability; increasing
combustion pressure and engine size at constant thrust either reversed
or lessened this tendency.

7. Varying engine contraction area ratio from 1.5 to 3 had no sig-
nificant effeet on regenerative-cooling requirements.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, June 25, 1959
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APPENDIX A
SYMBOLS

A cross-sectional area, sq in.
Cp thrust coefficient, F/Azpl, dimensionless
® characteristic exhaust velocity, in./sec
cp specific heat at constant pressure, Btu/(1b)(°R)
D hydraulic diameter, 4A/wetted perimeter, in.
F thrust, 1b
f Fanning friction factor, dimensionless
G flow flux, w/A, (1b/sec)/sq in.
g gravitational conversion factor, 386.4 (1b mass/1b force)(in./secz)
H coolant enthalpy, Btu/lb
h heat-transfer coefficient, Btu/(sq in. )(sec)(°R)
I specific impulse, F/w, lb~sec/lb
J mechanical equivalent of heat, 9336 in.-lb/Btu
k thermal conductivity, Btu/(in. )(sec)(°R)
1 flow length, in.
Nu Nusselt number, hﬁyk, dimensionless
Pr Prandtl number, cpu/k, dimensionless -
D pressure, 1b/sq in.
Q heat flow, Btu/sec
a heat flux, Btu/(sec)(sq in.)
R gas constant, in./°R

Re  Reynolds number, puD/u, dimensionless
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r radius, in.

S surface area, sq in.

T temperature, °R

t thickness

u velocity, in./sec

W weight-flow rate, lb/sec

Z compressibility factor, p/eRT, dimensionless
8.4 adigbatic recovery factor, dimensionless

n performance efficiency, dimensionless

e] weight fraction of fuel in propellant mixture
1 dynamic viscosity, 1b/(sec)(in.)

o density, 1b/cu in.

V) cooling utilization ratio, dimensionless

¥ specific cooling potential, Btu/(sec)(sq in.)
Subscripts:

ac actual

ad adiabatic

c ceramic

f £ilm

g gas

i inside

id ideal

in coolant-supply (cooling jacket inlet) station

coolant

0ST-d
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m mean
max maximum
0 outside

out coolant at injector (cooling jacket outlet) station

b propellant

q hegt transfer

S stream or bulk

t total

W wall

0 previous location
1 combustion chamber
2 nozzle throat

3 nozzle exit

z21
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APPENDIX B

PHYSICAL PROPERTIES OF MATERTALS INVOLVED IN STUDY

The worth of a study of this nature is related not only to the
soundness of the assumptions made and the calculations used, but also to
the degree of accuracy with which the properties of the materials in-
volved are known. As a consequence, the sources of the property values
used in this report are cited here in detail. In addition, some assump-
tions that were necessarily made during the study will be outlined here.

Where no curves of the physical properties used appear in conjunc-
tion with the following sections, the data may be obtained directly from
the references cited or from the text of this report. Curves are pre-
sented where they represent a compilation of information from more than
one source, where sections of them have been interpolated or extrapolated
on the basis of comparison with known characteristics of other similar
materials, or where units have been changed from those of the source for
consistency with other phases of the study.

Combustion Gases

At the present time, very little or no experimental data exist for
the properties of the products of combustion of the propellant combina-
tions of interest here. However, a general method has been established
(ref. 6) that permits the calculation of the required properties on the
assumption that chemiecal equilibrium exists among the products of
combustion.

The transport properties of the propellant combination products
(i.e., specific heat, viscosity, and thermal conductivity) were obtained
from references 7 to 12. 1In their application to this analysis, it was
assumed that these properties vary with temperature only. It is thought
that the error introduced by the use of this assumption is small, since
the properties concerned are generally considered to have a strong pres-
sure dependence only near their critical points.

Ceramic and Carbon Engine-Wall Linings

Where it was necessary to specify an internal engine lining of
ceramic, a stabilized (cubic form) zirconia ceramic was selected because
of its high chemical resistance, very low thermal conductivity, and high
melting point (ref. 13). Although the manufacturer's specifications
suggest coating thicknesses of from 0.005 to 0.05 inch, a conservative
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thickness of 0.01 inch was selected for this study. The specified
thermal conductivity over a wide temperature range is 1.543x1072 Btu/
(sec)(in. )(°R), and this value is here considered to be constant for any
temperature. The manufacturer also gives the melting point of this
material as approximately 4960° R, which of course establishes the abso-
lute upper local design temperature for this material.

During the usual fuel-rich combustion of JP-4 and oxygen in a rocket
engine, a thin carbon film has been observed to form over the surfaces
contacted by the combustion gases. Experimental investigations at the
Lewis Research Center have led to the conclusion that this film thickness
is effectively of the order of 0.0l inch, and this value has been assumed
in this study. Thermal conductivities reported for carbon vary from
9.25x10-7 (lampblack) to 6.95x107° (petroleum coke) Btu/(sec)(in.)(°R).
The value assumed for this analysis was 7.0x10~6 Btu/(sec)(in.)(°R), a
value suggested by the results of some limited investigations at this
laboratory.

Engine Walls

Pure nickel was selected for the wall material of every engine con-
sidered in this report. Other than in consideration of its relatively
high thermal conductivity, i1t was chosen because of its excellent resist-
ance to corrosive atmospheres and its reasonably good strength character-
isties at high temperatures. In addition, it brazes well, is ductile,
and has favorable work-hardening characteristices (ref. 14), thereby
lending itself well to engine construction. The average thermal con-
ductivity of this material over the temperature range encountered is
approximately 8x10~% Btu/(sec)(in. )(°R), a value significantly higher
than those for other materials that might be considered for their
strength, such as stainless steel. The calculation procedure utilized
in this study considered the variation of thermal conductivity with tem-
perature, the required data being taken from reference 3.

Coolants

In addition to the transport properties requlred for heat-transfer
calculations, the additional requirement of pressure-loss calculations
for the coolant necessitates that the density characteristics be known
also.

In all cases except for ammonla, the engine coolant-side wall tem-
perature was allowed to attain a temperature about 50° R higher than the
stated maximum allowable coolant bulk temperature. This fairly common
practice is based on the premise that only the layer of coolant immedi-
ately adjacent to the wall is subjected to this temperature at any
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time, and the rapid mixing that is characteristic of a turbulent boundary
layer prevents any specific part of the coolant from remaining at this
temperature level for any significant period of time.

Hydrogen. - An estimate of the hydrogen storage time for a practi-
cal rocket-engine application would indicate that the hydrogen would be
approximately 95 percent (or higher) in the para form (ref. 15) at the
initiation of operation. Since the stay time of the hydrogen in the
engine cooling jacket is extremely short (average velocities in the
order of 250 ft/sec), time would prevent an equilibrium mixture of the
ortho and para modifications from being established. In view of this,
the properties shown in figure 12 are those for hydrogen in approximately
95 percent para, S5 percent ortho form. The properties in this figure
were taken from references 15 and 16.

Hydrazine. - Reference 17 is the principal source of the physical
property data of very pure (97 to 100 percent) anhydrous hydrazine used
here, with one exception. The single value for thermal conductivity
shown in the physical property curves (fig. 13) was determined from some
limited experimental investigations. Depending upon materials in con-
tact, pressure, purity, rate of heating, and perhaps other as yet un-
identified factors, hydrazine begins, in the absence of an oxidant, to
decompose into nitrogen, ammonia, and in some cases hydrogen at a tem-
perature of the order of 950° R. At the pressure anticipated in the
coolant jackets of the engines considered, the decomposition temperature
is very nearly the boiling temperature of hydrazine (approx 900°, 950°,
and 1020° R at 225, 375, and 750 1b/sq in. abs, respectively). Conse-
quently, the maximum d681gn value for the coolant-jacket wall temperature
was established at 1000° R.

Ammonia. - The physical properties of pure liquid ammonia used in
this study were taken from reference 18 and are shown in figure 14.
Since ammonia was considered only for engines having a combustion-chamber
pressure of 300 pounds per square inch absolute, the maximum bulk tem-
perature ammonia could be allowed to reach as a coolant was 600° R. This
temperature corresponds to the boiling point of ammonia at a coolant-
Jacket pressure of approximately 375 pounds per square inch absolute.
To limit the ammonia bulk temperature to 600° R, the engines were designed
to have a maximum coolant-jacket wall temperature of 700° R, since the
calculations indicated an average temperature drop through the coolant
heat-transfer interface of approximately 100° R.

JP-4 Fuel. - Experience with turbojet engines has indicated gener-
ally that the maximum bulk temperature that the JP-4 coolant can be
safely allowed to attain is approximately 900° R. Above that tempera-
ture, in the absence of an oxidant, JP-4 begins to "coke," or precipitate
gums and varnishes that tend to build up and eventually block fuel-nozzle
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holes and perhaps the coolant-jacket passages. However, the coking
process depends on time at temperature as well as temperature itself;
and, since the coolant residence time in a rocket-engine cooling Jjacket
is much shorter than in a turbojet oil cooler, the coking temperature

for this study was assumed to be 950° R. Since JP-4 begins to boil at
approximately 1090° at a cooling-jacket pressure of 375 pounds per square
inch absolute, the coking threshhold temperature is necessarily the max-
imum coolant bulk temperature allowable in a successful engine design.
Accordingly, the maximum coolant-side wall design temperature was estab-
lished at 1000° R.

The physical property data for JP-4 used here were taken from ref-
erences 19 and 20 and are shown in figure 15.

Fluorine. - Since the oxidants were only briefly examined with
respect to cooling, = complete schedule of their properties was not re-
guired. References 21 to 23 supplied the necessary specific-heat data
for the limifed study. These data are presented in figure 16.

Oxygen. - References 24 and 25 are the sources of the specific-heat
data for oxygen, which appear in figure 17.
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Figure 1. - Schematic diagram of regeneratively cooled rocket engine considered in analysis.
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Figure 3. - Comparison of maximum cooling potentials of components of

propellant combinations considered in this study. Combustion-
chamber pressure, 300 pounds per square inch absolute; contraction
ratio, 2; expansion ratio, 3.8; fuel mixture for maximum character-
istic velocity.
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—< ¢c —>
b

Curve fitted

smoothly to

conform with

dimensions

' a and b
15
Radius of curvature =
throat radius
Engine | Throat Chamber Expan- |Contrac- Nominal |Number c,
area, pressure, |sion tion area| thrust, jof in.
sq in. |1b/sq in. |area |ratio 1b webs
abs ratio

A* 233.8 300 3.8 2 100,000 200 24.0
B 2.338 300 3.8 2 1,000 25 8.0
C 23.38 300 3.8 2 10,000 70 12.0
D 2338.0 300 3.8 2 1,000,000 600 36.0
E 233.8 60 3.8 2 20,000 200 24.0
F 1143.2 60 3.8 2 100,000 200 24,0
G 233.8 150 3.8 2 50,000 200 24.0
" 470.05 150 3.8 2 100,000 200 24.0
I 233.8 600 3.8 2 200, 000 200 24.0
J 117.5 600 3.8 2 100,000 200 24.0
K 233.8 300 25 2 124,000 200 24.0
L 233.8 300 50 2 130,000 200 24.0
M 233.8 300 3.8 1.5 100,000 200 24.0
N 233.8 300 3.8 3 100,000 200 24.0

*Reference engine.

Figure 4. - Tabulated combustion-gas-system specifications for rocket
engines considered in analysis.
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titles computed for engine A.
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Cooling utilization ratio, @
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Figure 7. - Relation between cooling utilization ratio and perform-

ance efficiency for three propellant combinations. Combustion-
chamber pressure, 300 pounds per square inch absolute; nozzle
throat area, A, 233.8 square inches; contraction ratio, 2;
expansion ratio, 3.8. Numbers on curves indicate percent fuel
by weight.
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Cooling utilization ratio, @

31. 91 K
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Hz—Oz \
23.95 0O
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Ratio of actual to stolchiometric percent fuel by weight

Figure 8. - Relation between cooling utilization ratio and fuel
mixture for four propellant combinations. Combustion-chamber
pressure, 300 pounds per square inch absolute; nozzle throat
area, A,, 233.8 square inches; contraction ratio, 2; expan-
sion ratio, 3.8. Numbers attached to points on curves indi-
cate percent fuel by weight at that point.
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Figure 9. - Relation between cooling utilization ratio and nozzle

expansion ratio for three propellant combinations. Combustion-
chamber pressure, 300 pounds per square inch absolute; nozzle
throat area, A, 233.8 square inches; contraction ratio, 2.
Numbers on curves indicate percent fuel by weight.
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Cooling utilization ratio, @
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